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Abstract 


A field effect semiconductor device comprises a first channel layer composed of an undoped 
semiconductor in which electrons mainly drift in low-noise operation and a second channel layer 
composed of a semiconductor of one conductivity type in which electrons mainly drift in high-power 
operation, a third channel layer being provided in the second channel layer or on the second channel 
layer on the opposite side of the first channel layer. The third channel layer Is constituted by at least one 
semiconductor layer of the one conductivity type or undoped having a greater electron affinity than that 
of the second channel layer and having a smaller forbidden bandgap than that of the second channel 
layer. In another field effect semiconductor device, an undoped impurity diffusion preventing layer having 
an electron affinity approximately equal to that of the second channel layer is provided between the first 
channel layer and the second channel layer. 
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Description 



CROSS-REFERENCE TO RELATED APPLICATION 

This application is related to copending application Ser. No. 08/109.354. filed Aug. 20. 1993. commonly 
assigned with present invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to field effect semiconductor devices, and more particularly, to a 
field effect semiconductor device having both low-noise operating characteristics and high-power 
operating characteristics. 

2. Description of the Background Art 

In recent years, as the demand for microwave communication systems such as satellite broadcasting 
and microwave communication have arisen, miniaturization of communication devices has been 
required. In the communication device in the microwave communication system, high-power operating 
characteristics are required at the time of transmission, while low-noise operating characteristics are 
required at the time of receiving. 

BEST AV/^ILABLE COP*- 
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As a conventional device used for such a communication device, a high electron mobility transistor 
(HEMT) which is one of field effect transistors (FETs) has been known. In the HEMT. however, good 
low-noise characteristics are obtained, while good high-power characteristics are not obtained. 

As another conventional device, an FET having a highly doped channel has been known. In this device, 
superior high-power characteristics are obtained, while good low-noise characteristics are not obtained. 

Therefore, a field effect semiconductor device having both low-noise operating characteristics and high- 
power operating characteristics has been recently developed, as described in TECHNICAL REPORT 
OF lEICE. ED93-175. NW93-132. ICD93-190 (1994-01). pp. 47-54 and IEEE ELECTRON DEVICE 
LETTERS. VOL. 14. NO. 7. pp. 354-356. July 1993. for example. The field effect semiconductor device 
is referred to as a two-mode channel FET (TMT) device. 

FIG. 5 Is a schematic cross sectional view showing the structure of a conventional TMT device. In FIG. 
5, an undoped GaAs buffer layer 102, an undoped InGaAs channel layer (hereinafter referred to as a 
first low-noise drift layer) 103, and an undoped graded Inx Gal-x As channel layer (hereinafter referred 
to as a second low-noise drift layer) 104 are formed in that order on a GaAs substrate 101. The In 
composition ratio x in the second low-noise drift layer 104 is decreased In a graded manner from 0.2 to 
0 upward from the side of the substrate 101. 

An n-GaAs electron-supplying and channel layer (hereinafter referred to as a high-power drift layer) 

105 and an n-AIGaAs barrier layer 106 having an A! composition ratio of 0.22 are formed in that order 
on the second low-noise drift layer 104. n-GaAs cap layers 107a and 107b are formed spaced apart 
from each other on the barrier layer 106. A gate electrode 108 in Schottky contact with the barrier layer 

106 is formed on the barrier layer 106 exposed between the cap layers 107a and 107b and a source 
electrode 109 and a drain electrode 1 10 In ohmic contact with the cap layers 107a and 107b are 
respectively formed on the cap layers 107a and 107b. 

In the TMT device, at a deep applied gate voltage (a gate-source voltage) Vgs, the low-noise drift 
layers 103 and 104 become channels in an electron drift mode. In this case, electrons are well confined 
in quantum wells of the low-noise drift layers 103 and 104, whereby the electrons are hardly affected by 
impurities in the high-power drift layer 105 doped at a high density, thereby to obtain super-low-noise 
characteristics. On the other hand, at a shallow applied gate voltage Vgs, the high-power drift layer 105 
doped at a high density mainly becomes a channel in an electron drift mode, thereby to obtain high- 
power characteristics. 

Furthermore, in the TMT device, the applied gate voltage Vgs can be also so selected between the 
above described voltages that the low-noise drift layers 103 and 104 and the high-power drift layer 105 
mainly become channels in an electron drift mode. In the case of a TMT device having an n-type high- 
power drift layer (an n-type channel), a shallow applied gate voltage Vgs means such an applied gate 
voltage that a depletion region shrinks, while a deep applied gate voltage Vgs means such an applied 
gate voltage Vgs that a depletion region extends. 

In order to further improve high frequency characteristics in the TMT device, the gate length L shown in 
FIG. 5 must be decreased to decrease gate capacitance. If the gate length L is set to not more than 
approximately 0.15 .mu.m. electrons drifting in the high-power drift layer 105 are controlled by the 
applied gate voltage Vgs only in a narrow gate portion in a case where the applied gate voltage Vgs is 
shallow (in the range in which high-power characteristics are obtained). On the other hand, larger 
overshoot of electron velocity occurs in the narrow gate portion in a case where the applied gate 
voltage Vgs is deep (in the range in which low-noise characteristics are obtained). Therefore, the 
transconductance (gm) in the range in which the applied gate voltage Vgs Is shallow is lower than that 
In the range in which the applied gate voltage Vgs is deep, whereby transconductance (gm)"applied 
gate voltage (Vgs) characteristics are not flat (plateau shaped). The transconductance (gm) is the ratio 
of the change in a drain current to the change in the applied gate voltage, which represents the 
amplification degree of a signal. 

If the gm~Vgs characteristics are not plateau shaped, an output signal is made nonlinear with respect 
to an input signal in high-power operation of the TMT device, that is, an output signal is distorted. 
Therefore, if the TMT device is used for a digital handy phone, for example, noises are increased at the 
time of signal transmission. 

In the conventional TMT device shown in FIG. 5. the n-AIGaAs barrier layer 106 having a high Schottky 
barrier height must be exposed between the cap layers 107a and 107b by the etching process so as to 
provide the gate electrode 108. The etching process damages the exposed n-AIGaAs barrier layer 106, 
thereby to make it difficult to produce the TMT device at low cost and with high yield. 
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If high conductive regions are provided by the ion implantation process and the anneal process 
beneath the source electrode 109 and the drain electrode 110 instead of providing the cap layers 107a 
and 107b for ohmic contact of the source electrode 109 and the drain electrode 110. the TMT device 
can be fabricated at low cost and with high yield. 

In such a structure, however, it is considered that the impurities in the high-power drift layer 105 are 
diffused into the second low-noise drift layer 104 in the anneal process. Therefore, pinch-off 
characteristics of a drain current in the vicinity of the threshold of the drain current in drain current (Ids)- 
-applied gate voltage (Vgs) characteristics is degraded. As a result, if the TMT device Is used as a low- 
noise device, the transconductance (gm) is greatly decreased, thereby to degrade noise 
characteristics. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a TMT device in which the distortion of an output signal 
in high-power operation is reduced. 

Another object of the present invention is to provide a TMT device in which high frequency 
characteristics are improved without distorting an output signal in high-power operation. 

Still another object of the present invention is to provide a TMT device capable of forming electrodes at 
low cost and with high yield while maintaining good noise characteristics. 

A further object of the present invention is to provide a TMT device in which high conductive regions for 
ohmic electrodes are provided while maintaining good pinch-off characteristics of a drain current in 
drain current (Ids)-applied gate voltage (Vgs) characteristics. 

A field effect semiconductor device according to the present invention comprises an undoped first 
semiconductor layer, an undoped second semiconductor layer formed on the first semiconductor layer, 
a third semiconductor layer of one conductivity type formed on the second semiconductor layer, and a 
fourth semiconductor layer of the one conductivity type or undoped formed on the third semiconductor 
layer, the second semiconductor layer having an electron affinity which is greater than that of the first 
semiconductor layer on its surface on the side of the first semiconductor layer and is equal to or greater 
than that of the third semiconductor layer on its surface on the side of the third semiconductor layer, 
and the fourth semiconductor layer having an electron affinity which is equal to or smaller than that of 
the third semiconductor layer on its surface on the side of the third semiconductor layer, and further 
comprises a fifth semiconductor layer of the one conductivity type or undoped formed in the third 
semiconductor layer or between the third semiconductor layer and the fourth semiconductor layer, 
having a greater electron affinity than that of the third semiconductor layer, and having a smaller 
forbidden bandgap (energy gap) than that of the third semiconductor layer. 

The electron affinity corresponds to the energy difference from a lower end of a conduction band to a 
vacuum level. 

The first semiconductor layer is a buffer layer, the second semiconductor layer is a first channel layer in 
which electrons mainly drift in low-noise operation, the third semiconductor layer is a carrier-supplying 
and second channel layer in which electrons mainly drift in high-power operation, the fourth 
semiconductor layer is a barrier layer, and the fifth semiconductor layer is a third channel layer in which 
electrons mainly drift in high-power operation. 

The second semiconductor layer may comprise a first low-noise drift layer formed on the first 
semiconductor layer and having a greater electron affinity than that of the first semiconductor layer, and 
a second low-noise drift layer formed on the first low-noise drift layer, having a forbidden bandgap 
which is increased in a graded manner from the first low-noise drift layer toward the third 
semiconductor layer, and having an electron affinity which is equal to or smaller than that of the first 
low-noise drift layer on its surface on the side of the first low-noise drift layer and is equal to or greater 
than that of the third semiconductor layer on its surface on the side of the third semiconductor layer. 

Altematively. the second semiconductor layer may comprise a low-noise drift layer formed on the first 
semiconductor layer, having a forbidden bandgap which is increased in a graded manner from the first 
semiconductor layer toward the third semiconductor layer, and having an electron affinity which is 
greater than that of the first semiconductor layer on its surface on the side of the first semiconductor 
layer and is equal to or greater than that of the third semiconductor layer on its surface on the side of 
the third semiconductor layer. 
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Preferably, the fifth semiconductor layer has a thickness of approximately 40 to 100 .ANG.. Each of the 
first to fifth semiconductor layers may be constituted by one or a plurality of layers. 

The first semiconductor layer may be composed of a GaAs system, the second semiconductor layer 
may be composed of an InGaAs system, the third semiconductor layer may be composed of a GaAs 
system, the fourth semiconductor layer may be composed of an AIGaAs system, and the fifth 
semiconductor layer may be composed of an InGaAs system. 

The first semiconductor layer may be composed of a double-layered structure of an InAIAs system and 
an InGaAs system, the second semiconductor layer may be composed of an InGaAs system, the third 
semiconductor layer may be composed of an InGaAs system, the fourth semiconductor layer may be 
composed of an InAIAs system, and the fifth semiconductor layer may be composed of an InGaAs 
system. 

In the field effect semiconductor device, the electron affinity of the third semiconductor layer (carrier- 
supplying and second channel layer) is equal to or smaller than the electron affinity of the second 
semiconductor layer (first channel layer). When the field effect semiconductor device is operated by 
low-noise characteristics, that is, in the case of a deep applied gate voltage Vgs, therefore, carriers are 
supplied to the second semiconductor layer from the third semiconductor layer of the one conductivity 
type which is also used as a carrier-supplying layer, whereby the second semiconductor layer mainly 
becomes a carrier drift layer (low-noise drift layer), and the drifting carriers are localized in the second 
semiconductor layer. 

Additionally, when the field effect semiconductor device is operated by high-power characteristics, that 
is. in the case of a shallow applied gate voltage Vgs, the third semiconductor layer (carrier-supplying 
and second channel layer) and the fifth semiconductor layer (third channel layer) mainly become carrier 
drift layers (high-power drift layers). Particulariy, the fifth semiconductor layer in the third semiconductor 
layer or between the third semiconductor layer and the fourth semiconductor layer has a greater 
electron affinity than that of the third semiconductor layer and has a smaller forbidden bandgap than 
that of the third semiconductor layer, whereby a lot of carriers drift in the fifth semiconductor layer in 
which they can drift at higher velocity than that in the third semiconductor layer. As a result, the 
electrons drift at high velocity in high-power operation, whereby plateau shaped transconductance 
(gm)-applied gate voltage (Vgs) characteristics are obtained even if the gate length is small, thereby to 
reduce the distortion of an output signal in high-power operation. Therefore, if the field effect 
semiconductor device is used for a digital handy phone, for example, it is possible to restrain noises at 
the time of transmission. 

In accordance with another aspect of the present invention, a field effect semiconductor device 
comprises an undoped first semiconductor layer, an undoped second semiconductor layer formed on 
the first semiconductor layer, a third semiconductor layer of one conductivity type formed on the second 
semiconductor layer, and a fourth semiconductor layer of the one conductivity type or undoped formed 
on the third semiconductor layer, the second semiconductor layer having an electron affinity which is 
greater than that of the first semiconductor layer on its surface on the side of the first semiconductor 
layer and is equal to or greater than that of the third semiconductor layer on its surface on the side of 
the third semiconductor layer, and the fourth semiconductor layer having an electron affinity which is 
equal to or smaller than that of the third semiconductor layer on its surface on the side of the third 
semiconductor layer, and further comprises an undoped fifth semiconductor layer formed between the 
second semiconductor layer and the third semiconductor layer and having an electron affinity 
approximately equal to that of the third semiconductor layer, first and second high conductive regions 
formed spaced apart from each other in a portion from the fourth semiconductor layer to at least the 
third semiconductor layer, first and second ohmic electrodes respectively formed on the first and 
second high conductive regions, and a Schottky electrode formed on a region between the first and 
second high conductive regions. 

The first semiconductor layer is a buffer layer, the second semiconductor layer is a first channel layer in 
which electrons mainly drift in low-noise operation, the third semiconductor layer is a carrier-supplying 
and second channel layer in which electrons mainly drift in high-power operation, the fourth 
semiconductor layer is a barrier layer, and the fifth semiconductor layer is an impurity diffusion 
preventing layer. The fourth semiconductor layer may comprise a barrier layer having an electron 
affinity which is equal to or smaller than that of the third semiconductor layer on its surface on the side 
of the third semiconductor layer and a protective layer having an electron affinity which is equal to or 
greater than that of the barrier layer on its surface on the side of the barrier layer. 

The second semiconductor layer may comprise a first low-noise drift layer formed on the first 
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semiconductor layer and having a greater electron affinity than that of the first semiconductor layer, and 
a second low-noise drift layer formed on the first low-noise drift layer, having a forbidden bandgap 
which is increased in a graded manner from the first low-noise drift layer toward the third 
semiconductor layer, and having an electron affinity which is equal to or smaller than that of the first 
low-noise drift layer on its surface on the side of the first low-noise drift layer and is equal to or greater 
than that of the third semiconductor layer on its surface on the side of the third semiconductor layer. 

Alternatively, the second semiconductor layer may comprise a low-noise drift layer formed on the first 
semiconductor layer, having a forbidden bandgap which is increased in a graded manner from the first 
semiconductor layer toward the third semiconductor layer, and having an electron affinity which is 
greater than that of the first semiconductor layer on its surface on the side of the first semiconductor 
layer and Is equal to or greater than that of the third semiconductor layer on its surface on the side of 
the third semiconductor layer. 

Preferably, the fifth semiconductor layer has a thickness of approximately 50 to 150 .ANG.. It is 
preferable that the first and second high conductive regions reach the second semiconductor layer. 
Each of the first to fifth semiconductor layers may be constituted by one or a plurality of layers. 

The buffer layer may be composed of a GaAs system, the first channel layer may be composed of an 
InGaAs system, the carrier-supplying and second channel layer may . be composed of a GaAs system, 
the barrier layer may be composed of an AIGaAs system, and the impurity diffusion preventing layer 
may be composed of a GaAs system. 

The buffer layer may be composed of a double-layered structure of an InAIAs system and an InGaAs 
system, the first channel layer may be composed of an InGaAs system, the carrier-supplying and 
second channel layer may be composed of an InGaAs system, the barrier layer may be composed of 
an InAIAs system, and the impurity diffusion preventing layer may be composed of an InGaAs system. 

In the field effect semiconductor device, the undoped fifth semiconductor layer (impurity diffusion 
preventing layer) having an electron affinity approximately equal to that of the third semiconductor layer 
Is provided between the second semiconductor layer (first channel layer) and the third semiconductor 
layer (carrier-supplying and second channel layer). Therefore, the fifth semiconductor layer prevents 
impurities from being diffused into the second semiconductor layer from the third semiconductor layer. 
As a result, the pinch-off characteristics of the drain current in the Ids-Vgs characteristics are improved. 

The field effect semiconductor device may further comprise a sixth semiconductor layer of the one 
conductivity type or undoped formed in the third semiconductor layer or between the third 
semiconductor layer and the fourth semiconductor layer, having a greater electron affinity than that of 
the third semiconductor layer, and having a smaller forbidden bandgap than that of the third 
semiconductor layer. In this case, it is possible to reduce the distortion of a signal in high-power 
operation. 

In accordance with still another aspect of the present invention, a method of fabricating a field effect 
semiconductor device comprises the steps of forming an undoped buffer layer on a semi-insulating 
semiconductor substrate, forming on the buffer layer an undoped first channel layer having an electron 
affinity which is greater than that of the buffer layer on its surface on the side of the buffer layer, forming 
on the first channel layer an undoped impurity diffusion preventing layer having an electron affinity 
which is equal to or smaller than that of the first channel layer on Its surface on the side of the first 
channel layer, forming on the impurity diffusion preventing layer a carrier-supplying and second 
channel layer of one conductivity type having an electron affinity approximately equal to that of the 
impurity diffusion preventing layer, forming on the carrier-supplying and second channel layer a barrier 
layer or a barrier and protective layer of the one conductivity type or undoped having an electron affinity 
which is equal to or smaller than that of the carrier-supplying and second channel layer on its surface 
on the side of the carrier-supplying and second channel layer, forming first and second high conductive 
regions spaced apart from each other in a portion from the barrier layer or the barrier and protective 
layer to at least the carrier-supplying and second channel layer by ion implantation and heat treatment, 
and respectively forming first and second ohmic electrodes on the first and second high conductive 
regions and forming a Schottky electrode on a region between the first and second high conductive 
regions. 

In accordance with a further aspect of the present invention, a field effect semiconductor device 
comprises a first channel layer comprising an undoped semiconductor in which electrons mainly drift in 
low-noise operation, and a second channel layer comprising a semiconductor of one conductivity type 
In which electrons mainly drift In high-power operation, at least one semiconductor layer of the one 
conductivity type or undoped having a greater electron affinity than that of the second channel layer 
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and having a smaller forbidden bandgap than that of the second channel layer being provided in the 
second channel layer or on the second channel layer on the opposite side of the first channel layer. 

In accordance with a still further aspect of the present invention, a field effect semiconductor device 
comprises a first channel layer comprising an undoped semiconductor in which electrons mainly drift in 
low-noise operation, a second channel layer comprising a semiconductor of one conductivity type in 
which electrons mainly drift in high-power operation, and an undoped impurity diffusion preventing layer 
formed between the first channel layer and the second channel" layer and having an electron affinity 
approximately equal to that of the second channel layer. 

"Graded" Includes a continuously linear or curved change and a step-shaped change. 

The foregoing and other objects, features, aspects and advantages of the present invention will 
become more apparent from the following detailed description of the present invention when taken in 
conjunction with the accompanying drawings. . 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic cross sectional view showing a principal part of a TMT device according to a first 
embodiment of the present invention; 

FIG. 2 is a diagram showing the transconductance (gm)-applied gate voltage (Vgs) characteristics in 
two samples A and B in the first embodiment and a sample X in a comparative example; 

FIG. 3 is an energy band diagram In a lower end of a conduction band of a principal part of the sample 
A in the first embodiment; 

FIG. 4 is a schematic cross sectional view showing a principal part of a TMT device according to a 
second embodiment of the present invention; and 

FIG. 5 is a schematic cross sectional view showing a principal part of a conventional TMT device. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 
(1) First Embodiment 

A TMT device according to a first embodiment of the present invention will be described with reference 
to FIG. 1. In FIG. 1, a buffer layer 2 composed of undoped GaAs (a first semiconductor layer), a 
channel layer 3 composed of undoped Inx Ga1-x As (x>0) (a second semiconductor layer; hereinafter 
referred to as a first low-noise drift layer), and a channel layer 4 composed of undoped graded Iny Ga1- 
y As (a second semiconductor layer or a graded layer; hereinafter referred to as a second low-noise 
drift layer) are formed in that order on a semi-insulating semiconductor substrate 1 composed of GaAs. 

The first low-noise drift layer 3 has a greater electron affinity than that of the buffer layer 2. The In 
composition ratio y in the second low-noise drift layer 4 is decreased in a graded manner upward from 
the side of the substrate 1 (y is changed in the range of x.gtoreq.y.gtoreq.O), and the forbidden 
bandgap thereof is increased in a graded manner upward from the side of the substrate 1 . Further, the 
second low-noise drift layer 4 has an electron affinity which is equal to or smaller than the electron 
affinity of the first low-noise drift layer 3 on Its surface on the side of the layer 3 and is equal to or 
greater than the electron affinity of a first high-power drift layer 5a as described later on its surface on 
the side of the layer 5a. 

An n-type electron-supplying and channel layer (hereinafter referred to as a high-power drift layer) 5 
having a high carrier density is formed on the second low-noise drift layer 4. The n-type high-power drift 
layer 5 comprises a first high-power drift layer 5a composed of n-type GaAs (a third semiconductor 
layer), a second high-power drift layer 5b composed of n-type Int Ga1-t As (t>0) (a fifth semiconductor 
layer), and a third high-power drift layer 5c composed of n-type GaAs (a third semiconductor layer). 
The second high-power drift layer 5b has a greater electron affinity and a smaller forbidden bandgap 
than those of the first high-power drift layer 5a. The third high-power drift layer 5c has a smaller 
electron affinity than that of the second high-power drift layer 5b. It is preferable that the thickness of 
the second high-power drift layer 5b is approximately 40 to 100 .ANG.. 

A barrier layer 6 composed of n-type Alz Ga1-z As (z>0) (a fourth semiconductor layer) is formed on 
the high-power drift layer 5. The barrier layer 6 has an electron affinity which is equal to or smaller than 
the electron affinity of the high-power drift layer 5 on its surface on the side of the layer 5. Cap layers 
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7a and 7b composed of n-type GaAs are formed spaced apart from each other on the barrier layer 6. 

A gate electrode 8 having an Al/Ti structure in Schottky contact with the barrier layer 6 is formed on the 
barrier layer 6 between the cap layers 7a and 7band a source electrode 9 and a drain electrode 10 
having an Au/Ni/Au~Ge structure in ohmic contact with the cap layers 7a and 7b are respectively 
formed on the cap layers 7a and 7b. 

Table 1 and Table 2 respectively show a sample A and a sample B of the TMT device according to the 
present embodiment, and Table 3 shows a sample X of a TMT device in a comparative example. The 
sample A shown In Table 1 has the structure shown in FIG. 1. The sample B shown in Table 2 has the 
same structure as that of the sample A except that it does not have the first low-noise drift layer 3. The 
sample X shown in Table 3 has the same structure as that of the sample A except that It does not have 
the second high-power drift layer 5b. 

The gate length and the gate width in each of the samples A, B and X are respectively 0.12 .mu.m and 
200 .mu.m, and the low-noise drift layers or the high-power drift layers in the samples differ in the 
thickness. 

TABLE 1 



thickness/carrier 

name material denslty(n) 



semiconductor 

GaAs ~ 

substrate 1 

buffer layer 2 

u-GaAs 8000 .ANG. 

first low-noise 

u-lnO.2 GaO.8 As 

50 .ANG. 

drift layer 3 

second low-noise 

u-lny Gall-y As 

50 .ANG. 

drift layer 4 

y = 0.2[substrate side] 

.fwdarw.y = 0[upper side] 

first high-power 

n-GaAs 150 .ANG. 

drift layer 5a 

second high-power 

n-ln0.1 GaO.9 As 

100 .ANG. 

drift layer 5b 

third high-power 

n-GaAs 150 .ANG. 

drift layer 5c 

barrier layer 6 

n-AIO.22 GaO.78 As 

400 .ANG. 

n = 2 .times. 10@18 cm@-3 
cap layer 7a,7b 

n-GaAs 500 .ANG. 

n = 3 -times. 10@18 cm@-3 



The carrier densities n of the first to third high-power drift layers 5a, 5b and 5c are 1.5.times.10@18 
cm@-3. 

TABLE 2 



thickness/carrier 

name material density(n) 



file://C:¥Documents and Settings¥^|^¥My DoGuments¥espacenet¥JP7249780.ht... 2005/02/14 



8/21 ^— V 



semiconductor 
GaAs - 
substrate 1 
buffer layer 2 
u-GaAs 8000 ,ANG. 
first low-noise 

— drift layer 3 

second low-noise 

u-lny Ga1-y As 

100 .ANG. 

drift layer 4 

y = 0.2[substrate side] 

.fwdarw.y = 0[upper side] 

first high-power 

n-GaAs 150 .ANG. 

drift layer 5a 

second high-power 

n-ln0.1 GaO.9 As 

100 .ANG. 

drift layer 5b 

third high-power 

n-GaAs 150 .ANG. 

drift layer 5b 

barier layer 5c 

n-AI0,22 GaO.78 As 

400 .ANG. 

n = 2 .times,10@18 cm@-3 

cap layer 7a, 7b 

n-GaAs 500 .ANG. 

n=3 .times. 10@18 cm@-3 



The carrier densities n of the first to third high-power drift layers 5a, 5b and 5c are 1 .5.tlmes.10@18 
cm@-3. 

TABLE 3 



thickness/carrier 

name material density(n) 



semiconductor 
GaAs - 
substrate 1 
buffer layer 2 
u-GaAs 8000 .ANG. 
first low-noise 
u-lnO.2 GaO.8 As 
50 .ANG. 
drift layer 3 
second low-noise 
u-lny Gal-y As 
50 .ANG. 
drift layer 4 

y = 0.2[substrate side] 
.fwdarw.y = 0[upper side] 
high-power n-GaAs 400 .ANG. 
drift layer 5 
barrier layer 6 
n-AIO.22 GaO.78 As 
400 .ANG. 

n = 2 .times. 10@18 cm@-3 

cap layer 7a, 7b 

n-GaAs 500 .ANG. 

n = 3 .times. 10@18 cm@-3 
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The carrier density n of the high-power drift layer 5 is 1 .5.times.10@18 cm@-3. 

The samples A, B and X were prepared, to measure the transconductance (gm)--applied gate voltage 
(Vgs) characteristics as well as measure the minimum noise figure (NFmin) in a frequency of 12 GHz at 
a deep applied gate voltage Vgs (a drain-source voltage Vds =2 [V], and a drain-source current Ids =10 
[mA]) with respect to the samples. 

FIG. 2 shows the gm-Vgs characteristics in the samples A, B and X. In FIG. 2, a solid line, a one-dot 
and dash line and a dotted line respectively indicate the results of the measurement with respect to the 
sample A, the sample B and the sample X. 

As can be seen from FIG. 2, in the samples A and B according to the present embodiment which has in 
the high-power drift layer 5 the second high-power drift layer 5b having a great electron affinity and 
having a small forbidden bandgap, the transconductance (gm) is approximately constant in a case 
where the applied gate voltage Vgs is shallow (about -0.5 to about 0.5 [V]), as compared with the 
sample X in the comparative example which does not have the second high-power drift layer 5b. 

Table 4 shows the NFmin characteristics in the samples A, B and X. 

TABLE 4 



sample A sample B sample X 



NFmin [dB] 
0.43 0.46 0.44 



As shown in Table 4, the minimum noise figures (NFmin) in the samples A and B in the present 
embodiment and the sample X in the comparative example are in the range of 0.43 to 0.46 dB and are 
approximately equal to each other, so that all the samples A, B and X have super-low-noise 
characteristics. As can be seen from the result, even if the second high-power drift layer 5b having a 
great electron affinity and a small forbidden bandgap is provided in the high-power drift layer 5, low- 
noise characteristics are obtained as in the conventional device in a case where the applied gate 
voltage Vgs is deep. 

The reason why the transconductance (gm) in the gm— Vgs characteristics is approximately constant 
(plateau shaped) in high-power operation in which the applied gate voltage Vgs is shallow as shown in 
FIG. 2 will be described with reference to FIG. 3. FIG. 3 is an energy band diagram in a lower end of a 
conduction band in a field-free of the sample A of the TMT device. 

As shown in FIG. 3, energy In the lower end of conduction band of the first and second low-noise drift 
layers 3 and 4 is not higher than energy in the lower end of the conduction band of the first high-power 
drift layer 5a, whereby electrons are supplied to the first and second low-noise drift layers 3 and 4 from 
the high-power drift layer 5a. Further, the energy in the lower end of the conduction band of the first 
low-noise drift layer 3 is not higher than energy in the lower end of conduction band of the buffer layer 2 
and the first high-power drift layer 5a, whereby the supplied electrons are localized in the first low-noise 
drift layer 3 and the second low-noise drift layer 4 adjacent to the layer 3. Consequently, the localized 
electrons are not easily affected by impurities in the first high-power drift layer 5a serving as an 
electron-supplying layer, whereby the electrons in the first and second low-noise drift layers 3 and 4 
drift at high velocity, as in the conventional device. The high velocity of the electrons is thus maintained 
in low-noise operation. 

Additionally, the second high-power drift layer 5b interposed between the first and third high-power drift 
layers 5a and 5c is provided in the high-power drift layer 5. Since the second high-power drift layer 5b 
has a greater electron affinity than those of the first and third high-power drift layers 5a and 5c, more 
electrons are gathered in the second high-power drift layer 5b than the first and third high-power drift 
layers 5a and 5c. Further, the second high-power drift layer 5b has a smaller forbidden bandgap than 
those of the first and third high-power drift layers 5a and 5c. The smaller the forbidden bandgap is, the 
smaller the effective mass of electrons is, whereby electrons drift at higher velocity in a layer having a 
smaller forbidden bandgap. Consequently, electrons drift at higher velocity in the second high-power 
drift layer 5b, as compared with the first and third high-power drift layers 5a and 5b. 

Moreover, the first and second low-noise drift layers 3 and 4 are separated from the second high-power 
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drift layer 5b by the first high-power drift layer 5a, whereby the electrons in the first and second low- 
noise drift layers 3 and 4 are not affected by impurities in the second high-power drift layer 5b in low- 
noise operation. As a result, the velocity of the electrons in the high-power drift layer 5 can be 
increased in high-power operation without degrading the characteristics in low-noise operation. 

The velocity of the electrons in high-power operation is thus made higher than that in the conventional 
device. Even if the gate length is small, therefore, the gm~Vgs characteristics are approximately 
constant (plateau shaped) in a-case where the applied gate voltage Vgs is shallow. 

Also in the sample B which does not have the first low-noise drift layer 3, electrons are supplied to the 
second low-noise drift layer 4 from the first high-power drift layer 5a as in the sample A, and the 
supplied electrons are localized in the second low-noise drift layer 4. Consequently, the electrons in the 
second low-noise drift layer 4 are not easily affected by impurities in the first high-power drift layer 5a, 
whereby the electrons in the second low-noise drift layer 4 drift at high velocity. Moreover, the second 
high-power drift layer 5b having a great electron affinity and having a small forbidden bandgap is 
provided in the high-power drift layer 5, whereby the velocity of the electrons drifting in the high-power 
drift layer 5 can be increased in the same manner. 

In the samples A and B according to the embodiment, the second high-power drift layer 5b having a 
great electron affinity and having a small forbidden bandgap is provided in the high-power drift layer 5. 
thereby to make it possible to reduce the distortion of a signal in high-power operation. 

If the same relationship as that in the TMT device according to the present embodiment is satisfied with 
respect to the electron affinity and the forbidden bandgap, the same effect is obtained even if 
conditions such as the material of each layer are suitably changed. Table 5 and Table 6 show 
examples of a TMT device using an InP substrate. 

Table 5 shows another TMT device corresponding to the structure of the sample A, and Table 6 shows 
another TMT device corresponding to the structure of the sample B. In the TMT devices shown in Table 
5 and 6, portions corresponding to those in the TMT device shown in FIG. 1 are assigned the same 
reference numerals and hence, the description thereof is not repeated. 

TABLE 5 



thickness/carrier 

name material density(n) 



semiconductor 
InP - 

substrate 1 
buffer layer 2 

substrate 1 u-lnO.52 AI0.48 As 

2000 .ANG. 

side 

layer 3 u-lnO.53 GaO.47 As 

500 .ANG. 

side 

first low-noise drift 
u-lnO.73 GaO.27 As 
50 .ANG, 
layer 3 

second low-noise 
u-lny Ga1-y As 
50 .ANG. 
drift layer 4 
y = 0.73 

.fwdarw.y = 0.53[upper side] 

first high-power 

n-lnO.53 GaO.47 As 

100 .ANG. 

drift layer 5a 

second high-power 

n-Int Ga1-t As : 

100 .ANG. 

drift layer 5b 
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where t > 0.53 
third high-power 
n-lnO.53 GaO.47 As 
100 .ANG. 
drift layer 5c 
barrier layer 6 
u-lnO.52 AI0.48 As 
200 .ANG. 
cap layer 7a. 7b 
n-lnO.53 GaO.47 As 
500 .ANG. 

n = 3 .times. 10@18 cm@-3 



The carrier densities n of the first to third high-power drift layers 5a, 5b and 5c are 2.5.times.10@18 
cm@-3. 

TABLE 6 



thickness/carrier 

name material denslty(n) 



semiconductor 
InP - 

substrate 1 
buffer layer 2 

substrate 1 u-lnO.52 AI0.48 As 

2000 .ANG. 

side 

layer 3 u-lnO.53 GaO.47 As 

500 .ANG. 

side 

first low-noise drift 
layer 3 

second low-noise 
u-lny Ga1-y As 
100 .ANG. 
drift layer 4 
y = 0.73 

.fwdarw.y = 0.53[upper side] 

first high-power 

n-lnO.53 GaO.47 As 

100 .ANG. 

drift layer 5a 

second high-power 

n-Int Ga1-t As : 

100 .ANG. 

drift layer 5b 

where t > 0.53 

third high-power 

n-lnO.53 GaO.47 As 

100 .ANG. 

drift layer 5c 

barrier layer 6 

u-lnO.52 AI0.48 As 

200 .ANG. 

cap layer 7a, 7b 

n-lnO.53 GaO.47 As 

500 .ANG. 

n = 3 .times. 10@18 cm@-3 



The carrier densities n of the first to third high-power drift layers 5a. 5b and 5c are 2.5.times.10@18 
cm@-3. 
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As shown in Table 5 and Table 6. in the TIVIT devices using such an InP substrate, it is preferable to 
use a double-layered structure of a buffer layer composed of an undoped InAIAs system semiconductor 
and a buffer layer composed of an undoped InGaAs system semiconductor as the buffer layer 2. and 
the latter buffer layer corresponds to the first semiconductor layer. 

In the TMT device according to the present embodiment, the third high-power drift layer 5c may not be 
provided. That is, the second high-power drift layer 5b (the fifth semiconductor layer) may be provided 
between the first high-power drift layer 5a (the third semiconductor layer) and the barrier layer 6 (the 
fourth semiconductor layer), 

(2) Second Embodiment 

A planar-type TMT device according to a second embodiment of the present invention will be described 
with reference to FIG. 4. FIG. 4 is a schematic cross sectional view showing a principal part of the TMT 
device according to the second embodiment. 

In FIG. 4, a buffer layer 52 composed of undoped GaAs (a first semiconductor layer), a channel layer 
53 composed of undoped Inx Ga1-x As (x>0) (a second semiconductor layer; hereinafter referred to as 
a first low-noise drift layer), and a channel layer 54 composed of undoped graded Iny Ga1-y As (a 
second semiconductor layer; hereinafter referred to as a second low-noise drift layer) are formed in that 
order on a semi-insulating semiconductor substrate 51 composed of GaAs. 

jhe electron affinity of the first low-noise drift layer 53 is greater than the electron affinity of the buffer 
layer 52. The In composition ratio y in the second low-noise drift layer 54 is decreased in a graded 
manner upward from the side of the substrate 51 (y is changed in the range of x.gtoreq.y.gtoreq.O), and 
the forbidden bandgap thereof is increased in a graded manner upward from the side of the substrate 
1 Jhe second low-noise drift layer 54 has an electron affinity which is equal to or smaller than the 
electron affinity of the first low-noise drift layer 53 on its surface on the side of the layer 53 and is equal 
to or greater than the electron affinity of an impurity diffusion preventing layer 55 as described layer on 
its surface on the side of the layer 55. 

An impurity diffusion preventing layer 55 composed of undoped GaAs (a fifth semiconductor layer) Is 
formed on the second low-noise drift layer 54. An electron-supplying and channel layer 56 composed of 
n-type GaAs having a high carrier density (a third semiconductor layer; hereinafter referred to as a 
high-power drift layer), a barrier layer 57 composed of undoped Alz Ga1-z As (z>0) (a fourth 
semiconductor layer), and a protective layer 58 composed of undoped GaAs are formed in that order 
on the impurity diffusion preventing layer 55. 

Xhe electron affinity of the impurity diffusion preventing layer 55 is approximately equal to the electron 
affinity of the high-power drift layer 56. The barrier layer 57 has an electron affinity which is equal to or 
smaller than the electron affinity of the high-power drift layer 56 on its surface on the side of the layer 
56. The protective layer 58 has an electron affinity which is equal to or greater than the electron affinity 
of the barrier layer 57 on its surface on the side of the layer 57. 

n-type high conductive regions 59a and 59b are formed spaced apart from each other in a portion from 
the protective layer 58 to the first low-noise drift layer 53. A gate electrode 60 having an Al/Ti structure 
in Schottky contact with the protective layer 58 is formed on the protective layer 58 between the high 
conductive regions 59a and 59b. A source electrode 61 having an Au/Ni/Au~Ge structure in ohmic 
contact with the protective layer 58 is formed on the high conductive region 59a, and a drain electrode 
62 having an Au/Ni/Au-Ge structure in ohmic contact with the protective layer 58 is formed on the high 
conductive region 59b. 

The above described TMT device is fabricated In the following manner, for example. The buffer layer 
52, the first low-noise drift layer 53, the second low-noise drift layer 54, the impurity diffusion preventing 
layer 55. the high-power drift layer 56, the barrier layer 57 and the protective layer 58 are first 
continuously grown in that order on the semi-insulating semiconductor substrate 51 by the molecular 
beam epitaxy (MBE) method. A dopant in an n-type layer of the TMT device according to the present 
embodiment is Si. 

A mask in a desired shape made of Si3 N4, Si02 or the like is then formed on the protective layer 58. 
Impurities such as Si are implanted by ion implantation in a state where the mask is formed. Thereafter, 
ion implanted portions are annealed at 800 DEG to 950 DEG C. for a predetermined time period, 
desirably at 850 DEG C. for five seconds so as to make the carrier density of the ion implanted portion 
high, thereby to form the n-type high conductive regions 59a and 59b. 
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The high conductive regions 59a and 59b are so formed as to reach at least the high-power drift layer 
56 from the protective layer 58. Although it is preferable that the high conductive regions 59a and 59b 
reach the first low-noise drift layer 53, it is not preferable that they reach the vicinity of the buffer layer 
52 because a region between the source electrode 61 and the drain electrode 62 is liable to be short- 
circuited. 

Table 7 and Table 8 respectively show a sample C and a sample D of the TMT device according to the 
present embodiment, and Table 9 shows a sample Y of a TMT device in a comparative example. The 
sample C shown in Table 7 has the structure shown in FIG. 4. The sample D shown in Table 8 has the 
same structure as that of the sample C except that it does not have the first low-noise drift layer 53. 
The sample Y shown in Table 9 has the same structure as that of the sample C except that it does not 
have the impurity diffusion preventing layer 55. 

The gate length and the gate width in each of the samples C, D and Y are respectively 0.25 .mu.m and 
200 .mu.m, and the low-noise drift layers or the high-power drift layers in the samples differ in the 
thickness, 

TABLE 7 



thickness/carrier 

name material density(n) 



semiconductor 
GaAs - 
substrate 51 
buffer layer 52 
u-GaAs 8000 .ANG. 
first low-noise 
u-lnO.2 GaO.8 As 
50 .ANG. 
drift layer 53 
second low-noise 
u-lny Ga1-y As 
50 .ANG. 
drift layer 54 
y = 0.2 

.fwdarw.y = 0[upper side] 

diffusion u-GaAs 50 .ANG. 

preventing layer 55 

high-power n-GaAs 200 .ANG. 

drift layer 56 n = 3 .times. 10@18 cm@-3 

barrier layer 57 

U-AI0.22 GaO.78 As 

150 .ANG. 

protective layer 58 

u-GaAs 50 .ANG. 



TABLE 8 



thickness/carrier 

name material density(n) 



semiconductor 
GaAs ~ 
substrate 51 
buffer layer 52 
u-GaAs 8000 .ANG. 
first low-noise 

drift layer 53 
second low-noise 
u-lny Gal-y As 
100 .ANG. 
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drift layer 54 
y = 0.2 

.fwdarw.y = 0[upper side] 

diffusion u-GaAs 50 .ANG. 

preventing layer 55 

high-power n-GaAs 200 .ANG. 

drift layer 56 n = 3 .tinfies. 10@18 cm@-3 

barrier layer 57 

U-AI0.22 GaO.78 As 

150 .ANG. 

protective layer 58 

u-GaAs 50 .ANG. 



TABLE 9 



thickness/carrier 

name material density(n) 



semiconductor 
GaAs - 
substrate 51 
buffer layer 52 
u-GaAs 8000 .ANG. 
first low-noise 
u-lnO.2 GaO.8 As 
50 .ANG. 
drift layer 53 
second low-noise 
u-lny Ga1-y As 
50 .ANG. 
drift layer 54 
y = 0.2 

.fwdarw.y = 0[upper side] 

diffusion 

preventing layer 55 

high-power n-GaAs 250 .ANG. 

drift layer 56 n = 3 .times. 10@18 cm@-3 

barrier layer 57 

U-AI0.22 GaO.78 As 

150 .ANG. 

protective layer 58 

u-GaAs 50 .ANG. 



The samples C, D and Y were prepared, and the transconductance (gm) at a drain current Ids =10 [mA] 
was measured with respect to the samples C, D and Y in order to examine whether the pinch-off 
characteristics of a drain current in drain current (Ids)-applied gate voltage (Vgs) characteristics are 
good. 

Table 10 shows the transconductance (gm) and the maximum transconductance (gmmax) for 
reference. 

TABLE 10 



sample C sample D sample Y 



gmmax 
550 535 547 
gm 365 325 255 



In Table 10. the unit is mS/mm. 

As can be seen from Table 10. the sample C in the present embodiment and the sample Y In the 
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comparative example which have the same structure except for the presence or absence of the 
impurity diffusion preventing layer 55 have approximately the same maximum transconductance 
(gmmax), while the transconductance (gm) of the sample C in the present embodiment becomes 365 
mS/mm, which Is greatly improved from 255 mS/mm of the sample Y In the comparative example. 

Furthermore, the sample D In the present embodiment and the sample Y In the comparative example 
similarly have approximately the same maximum transconductance (gmmax), while the 
transconductance (gm) of the sample D in the present embodiment becomes 325 mS/mm. which is 
greatly improved from 255 mS/mm of the sample Y in the comparative example. That is. even in the 
structure which does not have the first low-noise drift layer 53, the transconductance (gm) is greatly 
improved, as in the structure which has the first low-noise drift layer 53. 

According to the structure In the present embodiment which has the undoped impurity diffusion 
preventing layer (the fifth semiconductor layer) 55 formed between the high-power drift layer 56 and the 
second low-noise drift layer 54 and having an electron affinity approximately equal to that of the high- 
power drift layer 56, the transconductance (gm) Is thus significantly increased, as compared with that in 
the structure in the comparative example which does not have the impurity diffusion preventing layer 
55, whereby the pinch-off characteristics are improved. 

The reason for this is conceivably that in the annealing process for forming the high conductive regions 
59a and 59b. dopants in the high-power drift layer 56 having a high carrier density are prevented from 
being diffused Into the undoped first and second low-noise drift layers 53 and 54 by providing the 
impurity diffusion preventing layer 55. 

It Is preferable that the thickness of the impurity diffusion preventing layer 55 is set to a value at which 
carriers can be supplied into the low-noise drift layers 53 and 54 from the high-power drift layer 56. that 
Is, approximately 50 to 150 .ANG.. 

(3) Third Embodiment 

Description is now made of a TMT device according to a third embodiment of the present invention. 
Since the TMT device according to the third embodiment and the TMT device according to the second 
embodiment are different from each other In conditions such as the material and the thickness of each 
layer, while being the same In the relationships such as the electron affinity and the forbidden bandgap 
between layers, portions corresponding to those In the TMT device shown In FIG. 4 are assigned the 
same reference numerals and hence, the description thereof Is not repeated. 

Table 1 1 shows a sample E of the TMT device according to the present embodiment, and Table 12 
shows a sample Z of a TMT device in a comparative example. The sample Z has the same structure as 
that of the sample E except that it does not have an Impurity diffusion preventing layer 55. 

The gate length and the gate width of each of the samples E and Z are respectively 0.25 .mu.m and 
200 .mu.m, and high-power drift layers in the samples differ in the thickness. 

TABLE 1 1 



thickness/carrier 

name material denslty(n) 



semiconductor 
InP - 

substrate 51 
buffer layer 52 
substrate 51 side 
u-lnO.52 AI0.48 As 
2000 .ANG. 
layer 53 side 
u-lnO.53 GaO.47 As 
500 .ANG. 
first low-noise drift 
u-lnO.73 GaO.27 As 
50 .ANG. 
layer 53 

second low-noise 
u-lny Ga1-y As 
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50 .ANG. 
drift layer 54 
y = 0.73 

.fwdarw.y = 0.53[upper side] 
diffusion u-lnO.53 GaO.47 As 
50 .ANG. 

preventing layer 55 
high-power n-lnO.53 GaO.47 As 
200 .ANG. 

drift layer 56 n = 3 .times. 10@18 cm@-3 

barrier layer 57 

u-lnO.52 GaO.48 As 

150 .ANG. 

protective layer 58 

u-lnO.53 GaO.47 As 

50 .ANG. 



TABLE 12 



thickness/carrier 

name material density{n) 



semiconductor 
InP - 

substrate 51 
buffer layer 52 
substrate 51 side 
u-lnO.52 AI0.48 As 
2000 .ANG. 
layer 53 side 
u-lnO.53 GaO.47 As 
500 .ANG. 
first low-noise drift 
u-lnO.73 GaO.27 As 
50 .ANG. 
layer 53 

second low-noise 
u-lny Ga1-y As 
50 .ANG. 
drift layer 54 
y = 0.73 

.fwdarw.y = 0.53[upper side] 

diffusion 

preventing layer 55 
high-power n-lnO.53 GaO.47 As 
200 .ANG. 

drift layer 56 n = 3 .times. 10@18 cm@-3 

barrier layer 57 

u-lnO.52 GaO.48 As 

150 .ANG. 

protective layer 58 

u-lnO.53 GaO.47 As 

50 .ANG. 



The samples E and Z were prepared, and the transconductance (gm) at a drain current Ids =20 [mA] 
was measured with respect to the samples E and Z in order to examine whether the pinch-off 
characteristics of a drain current in drain current (lds)~applied gate voltage (Vgs) characteristics are 
good. 

Table 13 shows the transconductance (mg) and the maximum transconductance (gmmax) for 
reference. 

TABLE 13 
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sample E 
sample Z 



gmmax 1050 1045 
gm 775 600 



In Table 13, the unit is mS/mm. 

As can be seen from Table 13. the sample E in the present embodiment and the sample Z in the 
comparative example which have the same structure except for the presence or absence of the 
impurity diffusion preventing layer 55 have approximately the same maximum transconductance 
(gmmax), while the transconductance (gm) of the sample E in the present embodiment becomes 775 
mS/mm, which is greatly improved from 600 mS/mm of the sample Z in the comparative example. 

According to the structure in the present embodiment which has the impurity diffusion preventing layer 
55, which differs from that in the second embodiment in the material or the like, the transconductance 
(gm) is thus significantly increased due to the presence of the impurity diffusion preventing layer 55, as 
compared with that in the structure in the comparative example which does not have the impurity 
diffusion preventing layer 55, whereby the pinch-off characteristics are improved. 

(4) Another Modified Example 

In the above described TMT device having the high conductive regions 59a and 59b, if the barrier layer 
57 is composed of a semiconductor containing Al, the surface thereof is liable to be oxidized so that 
respective electrodes are not brought into good contact with the barrier layer 57. Accordingly, it is 
preferable to use a protective layer 58. If another semiconductor material which is not oxidized is 
selected as the material of the barrier layer 57. for example, respective electrodes may be formed on 
the barrier layer 57 without using the protective layer 58. 

For example, the TMT device shown in Table 11 may be so constructed that the InGaAs system 
protective layer 58 does not exist in a portion where the gate electrode 60 is formed. In this case, the 
gate electrode 60 is brought into Schottky contact with the InAIAs system barrier layer 57. An InGaAs 
system has a significantly lower Schottky barrier height than those of an AIGaAs system, an InAIAs 
system and a GaAs system. Consequently, the gate electrode 60 is brought into Schottky contact with 
the InAIAs system barrier layer 57 having a high Schottky barrier height, whereby the gate breakdown 
voltage is increased. The gate breakdown voltage Vr (lr=100 [.mu.A]) of the TMT device shown in 
Table 11 is 2 V, while the gate breakdown voltage Vr can be increased to a very large value of 4 V if 
the gate electrode 60 is brought into Schottky contact with the barrier layer 57. 

Furthermore, also in the TMT device having the high conductive regions 59a and 59b, the high-power 
drift layer 56 may be provided with a semiconductor layer of the same conductivity type as that of the 
layer 56 or undoped which has a greater electron affinity and has a smaller forbidden bandgap than 
those of the layer 56, as in the first embodiment. In this case, it is possible to reduce the distortion of a 
signal in high-power operation, as in the first embodiment. 

Each of the semiconductor layers in the above described first to third embodiments may be constituted 
by a plurality of layers satisfying the above described conditions with respect to the electron affinity and 
the forbidden bandgap. In this case, the plurality of layers constituting each of the semiconductor layers 
may have different electron affinities or forbidden bandgaps in the range of the above described 
conditions. 

The barrier layers 6 and 57 in the above described first to third embodiments may be composed of 
semiconductor layers of the same conductivity type as that of the high-power drift layers 5 and 56 as in 
the above described embodiment, or undoped semiconductor layers. 

The forbidden bandgaps of the second low-noise drift layers 4 and 54 in the above described first to 
third embodiments may be changed in a continuously linear or curved shape, or changed in the other 
shapes such as a stepped shape. 

Although the present invention has been described and illustrated in detail, it is clearly understood that 
the same is by way of Illustration and example only and is not to be taken by way of limitation, the spirit 
and scope of the present invention being limited only by the terms of the appended claims. 
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Claims 

What is claimed is: 

1 . A field effect semiconductor device comprising: 
an undoped first semiconductor layer; 

an undoped second semiconductor layer formed on said first semiconductor layer; 
a third semiconductor layer of one conductivity type formed on said second semiconductor layer; 
a fourth semiconductor layer of said one conductivity type or undoped formed on said third 
semiconductor layer, 

said second semiconductor layer having an electron affinity which is greater than that of said first 
semiconductor layer on its surface on the side of the first semiconductor layer and is equal to or greater 
than that of said third semiconductor layer on its surface on the side of the third semiconductor layer, 
and said fourth semiconductor layer having an electron affinity which is equal to or smaller than that of 
said third semiconductor layer on its surface on the side of the third semiconductor layer; and 
a fifth semiconductor layer of said one conductivity type or undoped formed in said third semiconductor 
layer or between the third semiconductor layer and said fourth semiconductor layer, having a greater 
electron affinity than that of the third semiconductor layer, and having a smaller forbidden bandgap than 
that of the third semiconductor layer. 

2. The field effect semiconductor device according to claim 1, wherein 
said first semiconductor layer is a buffer layer, 

said second semiconductor layer is a first channel layer in which electrons mainly drift In low-noise 
operation, 

said third semiconductor layer is a carrier-supplying and second channel layer in which electrons 

mainly drift in high-power operation, 

said fourth semiconductor layer is a barrier layer, and 

said fifth semiconductor layer is a third channel layer in which electrons mainly drift in high-power 
operation. 

3. The field effect semiconductor device according to claim 1, wherein 
said second semiconductor layer comprises 

a first low-noise drift layer formed on said first semiconductor layer and having a greater electron 
affinity than that of the first semiconductor layer, and 

a second low-noise drift layer formed on said first low-noise drift layer, having a forbidden bandgap 
which is increased in a graded manner from said first low-noise drift layer toward said third 
semiconductor layer, and having an electron affinity which is equal to or smaller than that of said first 
low-noise drift layer on its surface on the side of the first low-noise drift layer and is equal to or greater 
than that of said third semiconductor layer on its surface on the side of the third semiconductor layer. 

4. The field effect semiconductor device according to claim 2, wherein 
said second semiconductor layer comprises 

a low-noise drift layer formed on said first semiconductor layer, having a forbidden bandgap which is 
increased in a graded manner from said first semiconductor layer toward said third semiconductor 
layer, and having an electron affinity which is greater than that of said first semiconductor layer on its 
surface on the side of the first semiconductor layer and is equal to or greater than that of said third 
semiconductor layer on its surface on the side of the third semiconductor layer. 

5. The field effect semiconductor device according to claim 1, wherein 

said fifth semiconductor layer has a thickness of approximately 40 to 100 .ANG.. 

6. The field effect semiconductor device according to claim 1, wherein 

each of said first to fifth semiconductor layers is constituted by one or a plurality of layers, 

7. The field effect semiconductor device according to claim 1, wherein 

said first semiconductor layer is composed of a GaAs system, said second semiconductor layer is 
composed of an InGaAs system, said third semiconductor layer is composed of a GaAs system, said 
fourth semiconductor layer is composed of an AIGaAs system, and said fifth semiconductor layer is 
composed of an InGaAs system. 

8. The field effect semiconductor device according to claim 1, wherein 
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said first semiconductor layer is composed of a double-layered structure of an InAIAs system and an 
InGaAs system, said second semiconductor layer is composed of an InGaAs system, said third 
semiconductor layer is composed of an InGaAs system, said fourth semiconductor layer is composed 
of an tnAIAs system, and said fifth semiconductor layer is composed of an InGaAs system. 

9. The field effect semiconductor device according to claim 1 , wherein 

said second semiconductor layer is a channel layer in which electrons mainly drift in low-noise 

operation, and 

said third and fifth semiconductor layers are channel layers in which electrons mainly drift in high-power 
operation. 

10. A field effect semiconductor device comprising: 
an undoped first semiconductor layer; 

an undoped second semiconductor layer formed on said first semiconductor layer; 
a third semiconductor layer of one conductivity type formed on said second semiconductor layer; 
a fourth semiconductor layer of said one conductivity type or undoped formed on said third 
semiconductor layer, 

said second semiconductor layer having an electron affinity which Is greater than that of said first 
semiconductor layer on its surface on the side of the first semiconductor layer and is equal to or greater 
than that of said third semiconductor layer on its surface on the side of the third semiconductor layer, 
and said fourth semiconductor layer having an electron affinity which is equal to or smaller than that of 
said third semiconductor layer on its surface on the side of the third semiconductor layer; 
an undoped fifth semiconductor layer formed between said second semiconductor layer and said third 
semiconductor layer and having an electron affinity approximately equal to that of said third 
semiconductor layer; 

first and second high conductive regions formed spaced apart from each other In a portion from said 
fourth semiconductor layer to at least said third semiconductor layer; 

first and second ohmic electrodes respectively formed on said first and second high conductive regions; 
and 

a Schottky electrode formed on a region between said first and second high conductive regions. 

11. The field effect semiconductor device according to claim 10, wherein 
said first semiconductor layer is a buffer layer, 

said second semiconductor layer is a first channel layer in which electrons mainly drift in low-noise 
operation, 

said third semiconductor layer is a carrier-supplying and second channel layer in which electrons 

mainly drift in high-power operation. 

said fourth semiconductor layer is a barrier layer, and 

said fifth semiconductor layer is an impurity diffusion preventing layer. 

12. The field effect semiconductor device according to claim 10, wherein 
said first semiconductor layer is a buffer layer, 

said second semiconductor layer is a first channel layer in which electrons mainly drift in low-noise 
operation, 

said third semiconductor layer is a carrier-supplying and second channel layer in which electrons 
mainly drift In high-power operation. 

said fourth senriiconductor layer comprises a barrier layer having an electron affinity which is equal to or 
smaller than that of said third semiconductor layer on its surface on the side of the third semiconductor 
layer and a protective layer having an electron affinity which is equal to or greater than that of said 
barrier layer on its surface on the side of the barrier layer, and 
said fifth semiconductor layer is an impurity diffusion preventing layer. 

13. The field effect semiconductor device according to claim 10, wherein 
said second semiconductor layer comprises 

a first low-noise drift layer formed on said first semiconductor layer and having a greater electron 
affinity than that of the first semiconductor layer, and 

a second low-noise drift layer formed on said first low-noise drift layer, having a forbidden bandgap 
which is increased in a graded manner from said first low-noise drift layer toward said third 
semiconductor layer, and having an electron affinity which is equal to or smaller than that of said first 
low-noise drift layer on its surface on the side of the first low-noise drift layer and is equal to or greater 
than that of said third semiconductor layer on its surface on the side of the third semiconductor layer. 

14. The field effect semiconductor device according to claim 10, wherein 
said second semiconductor layer comprises 

a low-noise drift layer formed on said first semiconductor layer, having a forbidden bandgap which is 
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increased in a graded manner from said first semiconductor layer toward said third semiconductor 
layer, and having an electron affinity which is greater than that of said first semiconductor layer on its 
surface on the side of the first semiconductor layer and is equal to or greater than that of said third 
semiconductor layer on its surface on the side of the third semiconductor layer. 

15. The field effect semiconductor device according to claim 10. wherein 

said fifth semiconductor layer has a thickness of approximately 50 to 150 .ANG.. 

16. The field effect semiconductor device according to claim 10. wherein 

each of said first to fifth semiconductor layers is constituted by one or a plurality of layers. 

17. The field effect semiconductor device according to claim 11, wherein 

said buffer layer is composed of a GaAs system, said first channel layer Is composed of an InGaAs 
system, said carrier-supplying and second channel layer is composed of a GaAs system, said barrier 
layer is composed of an AIGaAs system, and said impurity diffusion preventing layer is composed of a 
GaAs system. 

18. The field effect semiconductor device according to claim 11, wherein 

said buffer layer is composed of a double-layered structure of an InAIAs system and an InGaAs 
system, said first channel layer is composed of an InGaAs system, said carrier-supplying and second 
channel layer is composed of an InGaAs system, said barrier layer is composed of an InAIAs system, 
and said impurity diffusion preventing layer is composed of an InGaAs system. 

19. The field effect semiconductor device according to claim 10. further comprising 

a sixth semiconductor layer of said one conductivity type or undoped formed In said third 
semiconductor layer or between the third semiconductor layer and said fourth semiconductor layer, 
having a greater electron affinity than that of the third semiconductor layer, and having a smaller 
forbidden bandgap, than that of the third semiconductor layer. 

20. A method of fabricating a field effect semiconductor device, comprising the steps of: 
forming an undoped buffer layer on a semi-insulating semiconductor substrate; 

forming on said buffer layer an undoped first channel layer having an electron affinity which Is greater 
than that of said buffer layer on its surface on the side of the buffer layer; 

forming on said first channel layer an undoped impurity diffusion preventing layer having an electron 
affinity which is equal to or smaller than that of said first channel layer on its surface on the side of the 
first channel layer; 

forming on said impurity diffusion preventing layer a carrier-supplying and second channel layer of one 
conductivity type having an electron affinity approximately equal to that of said impurity diffusion 
preventing layer; 

forming on said carrier-supplying and second channel layer a barrier layer or a barrier and protective 
layer of said one conductivity type or undoped having an electron affinity which Is equal to or smaller 
than that of said carrier-supplying and second channel layer on Its surface on the side of the carrier- 
supplying and second channel layer; 

forming first and second high conductive regions spaced apart from each other In a portion from said 
barrier layer or said barrier and protective layer to at least said carrier-supplying and second channel 
layer by Ion implantation and heat treatment; and 

respectively forming first and second ohmic electrodes on said first and second high conductive regions 
and forming a Schottky electrode on a region between said first and second high conductive regions. 

21 . A field effect semiconductor device comprising: 

a first channel layer comprising an undoped semiconductor in which electrons mainly drift in low-noise 
operation; and 

a second channel layer comprising a semiconductor of one conductivity type in which electrons mainly 
drift in high-power operation, 

at least one semiconductor layer of said one conductivity type or undoped having a greater electron 
affinity than that of said second channel layer and having a smaller forbidden bandgap than that of said 
second channel layer being provided In the second channel layer or on the second channel layer on the 
opposite side of said first channel layer. 

22. The field effect semiconductor device according to claim 21, wherein said at least one 
semiconductor layer is a channel layer in which electrons mainly drift In high-power operation. 

23. A field effect semiconductor device comprising: 

a first channel layer comprising an undoped semiconductor in which electrons mainly drift in low-noise 
operation; 
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a second channel layer comprising a semiconductor of one conductivity type in which electrons mainly 
drift in high-power operation; and 

an undoped impurity diffusion preventing layer formed between said first channel layer and said second 
channel layer and having an electron affinity approximately equal to that of said second channel layer. 

Data supplied from the esp@cenet database - 12 



file://C:¥Documents and Settings¥^^¥My Documents¥espacenet¥JP7249780.ht... 2005/02/14 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the appHcant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SffiES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFER£NCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



